Choi PJ, Brunt VE, Fujii N, Minson CT. New approach to measure cutaneous microvascular function: an improved test of NO-mediated vasodilation by thermal hyperemia. J Appl Physiol 117: 277-283, 2014. First published June 5, 2014 doi:10.1152/japplphysiol.01397.2013.-Cutaneous hyperemia in response to rapid skin local heating to 42°C has been used extensively to assess microvascular function. However, the response is dependent on both nitric oxide (NO) and endothelialderived hyperpolarizing factors (EDHFs), and increases cutaneous vascular conductance (CVC) to ϳ90 -95% maximum in healthy subjects, preventing the study of potential means to improve cutaneous function. We sought to identify an improved protocol for isolating NO-dependent dilation. We compared nine heating protocols (combinations of three target temperatures: 36°C, 39°C, and 42°C, and three rates of heating: 0.1°C/s, 0.1°C/10 s, 0.1°C/min) in order to select two protocols to study in more depth (protocol 1; N ϭ 6). Then, CVC was measured at four microdialysis sites receiving: 1) lactated Ringer solution (Control), 2) 50-mM tetraethylammonium (TEA) to inhibit EDHFs, 3) 20-mM nitro-L-arginine methyl ester (L-NAME) to inhibit NO synthase, and 4) TEAϩL-NAME, in response to local heating either to 39°C at 0.1°C/s (protocol 2; N ϭ 10) or 42°C at 0.1°C/min (protocol 3; N ϭ 8). Rapid heating to 39°C increased CVC to 43.1 Ϯ 5.2%CVCmax (Control), which was attenuated by L-NAME (11.4 Ϯ 2.8%CVCmax; P Ͻ 0.001) such that 82.8 Ϯ 4.2% of the plateau was attributable to NO. During gradual heating, 81.5 Ϯ 3.3% of vasodilation was attributable to NO at 40°C, but at 42°C only 32.7 Ϯ 7.8% of vasodilation was attributable to NO. TEAϩL-NAME attenuated CVC beyond L-NAME at temperatures Ͼ40°C (43.4 Ϯ 4.5%CVCmax at 42°C, P Ͻ 0.001 vs. L-NAME), suggesting a role of EDHFs at higher temperatures. Our findings suggest local heating to 39°C offers an improved approach for isolating NO-dependent dilation and/or assessing perturbations that may improve microvascular function.
LOCAL HEATING OF THE SKIN produces a profound vasodilation, also known as cutaneous thermal hyperemia, which has commonly been assessed by heating the skin to a temperature of 42°C at a rate of 0.1°C/s (12, 18, 34, 36, 43) . This method of heating elicits an initial peak in skin blood flow (SkBF) within the first 5 min of heating, followed by a prolonged secondary plateau which is reached ϳ20 -30 min into heating. A brief nadir is typically observed between the two phases. Many studies have explored the molecular mechanisms behind this response. Of note, Minson et al. (34) demonstrated the initial peak was predominantly the result of a sensory nerve axon reflex, which appears to elicit vasodilation via both nitric oxide (NO) (34) and endothelium-derived hyperpolarizing factors (12) . Wong et al. (43) also reported a large role of transient receptor potential vanilloid type-1 (TRPV-1) channels, which are predominantly located on the sensory nerves and may be involved in the release of neurotransmitter(s), possibly calcitonin gene-related peptide (CGRP) and/or substance P (23, 41) . The plateau phase is ϳ50 -60% dependent on NO (26, 34) . TRPV-1 channels (43) , adenosine receptors (18) , and reactive oxygen species (33) are known to modulate NO bioavailability during this phase. The remaining ϳ40 -50% of the plateau has been attributed to EDHFs that stimulate calcium-activated potassium (KCa) channels on the endothelium and smooth muscle, of which the predominant type of EDHF involved is epoxyeicosatrienoic acid (EET) (12) . Neither prostanoids via the cyclooxygenase (COX) pathway (32) nor histamine receptors (45) contribute significantly to cutaneous thermal hyperemia.
Cutaneous thermal hyperemia has commonly been utilized to assess cutaneous microvascular function, and has been demonstrated to be impaired under a variety of disease states (2, 6, 29, 35, 39) . As such, the response has been suggested to be reflective of generalized microvascular health (11, 21, 36) , providing a simple, noninvasive means of assessing microvascular health across a variety of health conditions (14, 36) . Nevertheless, some limitations exist with the currently accepted protocol for cutaneous thermal hyperemia. For example, in young, healthy subjects, the plateau commonly reaches ϳ90-95% of maximal cutaneous vascular conductance (CVC), making it difficult to evaluate the effects of potentially beneficial interventions due to a ceiling effect. Furthermore, as the plateau is substantially dependent on both NO and EDHF, it is not possible to attribute impairments and/or improvements to either pathway without the use of pharmacological techniques, such as microdialysis or iontophoresis.
Therefore, our overall purpose was to identify new protocol(s) for local heating which would 1) evoke a plateau at a lower percentage of maximal CVC (CVCmax), thus avoiding the ceiling effect, and/or 2) have greater dependence on NO, to allow for the detection of impairments or improvements in NO-dependent dilation without the use of pharmacological approaches. In protocol 1, we compared nine different local heating protocols using noninvasive approaches by varying the rate of heating (0.1°C/s, 0.1°C/10 s, and 0.1°C/min) and the target temperature reached (36°C, 39°C, and 42°C). Based on these data, we selected two heating protocols to study in more depth through using pharmacological intervention and the microdialysis technique.
In protocol 2, we investigated the contributions of NO and EDHF to the vasodilator response during local heating to 39°C at a rate of 0.1°C/s, which was selected as the protocol which most consistently reached a plateau of ϳ50% of CVCmax, based on protocol 1. We hypothesized that rapid local heating to this lower target temperature would produce a plateau which would be more dependent on NO than EDHF compared with the more commonly used protocol (42°C at a rate of 0.1°C/s).
In protocol 3, we investigated the contributions of NO and EDHF to the vasodilator response during heating to 42°C at a rate of 0.1°C/min. Others have utilized slower rates of heating, with the intention of better isolating NO-dependent dilation (15, 40) ; however, the mechanisms have not been fully elucidated. The specific mechanisms activated appear to depend on the target temperature. For example, gradual heating to 40°C elicits vasodilation which can be largely attenuated by either NO synthase (NOS) inhibition or blockade of the adrenergic nerves with bretylium (19, 22) . Gradual heating from 40 -42°C appears to still be NO-dependent, but only by ϳ50% (5), with the remaining ϳ50% of dilation unknown. No one has studied the contribution of EDHF to slow local heating, but it may be that EDHFs account for the remaining ϳ50% of dilation when heating to temperatures greater than 40°C. Therefore, we hypothesized that gradual heating would be more dependent on NO than EDHF at temperatures below 40°C, but would display a greater reliance on EDHFs at temperatures Ͼ40°C.
MATERIALS AND METHODS
Subjects. Twenty-four (12 male, 12 female) young (22 Ϯ 1 years of age), healthy (body mass index 23.9 Ϯ 0.6 kg/m 2 ) subjects participated in the study. All subjects were nonsmokers with no history of cardiovascular disease, and were not taking any medications, except for oral contraceptives. Before participating in the study, all subjects refrained from alcohol and caffeine for 12 h, and from over-thecounter medications, including dietary supplements, for 24 h. Subjects fasted for at least 4 h prior to the study. All female subjects participated in the study during menses in order to reduce the effects of female sex hormones (10, 13) . All protocols were approved by the Institutional Review Board at the University of Oregon, in accordance with the guidelines set forth by the Declaration of Helsinki. Each subject gave oral and written informed consent before participating in the study.
Six subjects participated in protocol 1. These subjects reported to the laboratory on three occasions within a 7-day time period. All three study days were held at the same time of day. All nine local heating protocols were performed on each subject, divided up into three protocols per study day. The days on which each protocol was performed were randomized across subjects. Subjects in protocols 2 and 3 reported to the laboratory on just one occasion.
Instrumentation. Throughout the studies, subjects sat in a semirecumbent position with the left arm positioned at the level of the heart. For protocols 2 and 3, four microdialysis fibers (MD 2000; Bioanalytical Systems, West Lafeyette, IN; 10-mm membrane, 30-kDa cutoff membrane) were placed in the skin on the ventral surface of the left forearm at least 4 cm apart, with entry and exit point ϳ2.5 cm apart. Fibers were introduced using aseptic technique with a 25-gauge needle, which was inserted into the dermal layer of the skin. Fibers were threaded through the lumen of the needle, after which the needle was removed, leaving the fiber in place in the skin. Fibers were secured with tape and perfused with lactated Ringer solution at a rate of 2 l/min (CMA 102 Syringe Pump; CMA Microdialysis AB, Kista, Sweden) until the start of drug infusions (see "Pharmacological agents" below). A period of 60 -90 min was allowed after fiber placement before the start of local heating in order for the trauma associated with needle insertion to subside.
Local skin heaters (SH02 Skin Heater/Temperature Monitor; Moor Instruments, Axminster, UK) covering an area of ϳ0.78 cm 2 were placed over each site (three sites for protocol 1, four sites for protocols 2 and 3). Red blood cell flux, an index of skin blood flow (SkBF), was measured at each site using single-point laser-Doppler flowmetry probes (DRT-4 and moorLab; Moor Instruments), which were seated in the center of each local heater. Arterial blood pressure was measured throughout the study on the nonexperimental arm via brachial artery oscillation (Dinamap ProCare 100; GEMedical Systems, Tampa, FL).
Experimental protocol. Baseline SkBF was recorded for at least 10 min with skin temperature held constant at 33°C, after which the local skin temperature was increased as follows. For subjects enrolled in protocol 1 (N ϭ 6; 3 male, 3 female), local skin temperature at each site was raised to either 36°C, 39°C, or 42°C at a rate of either 0.1°C/s, 0.1°C/10 s, or 0.1°C/min, for a total of nine combinations which were completed across the three study days (one site per combination). For subjects enrolled in protocol 2 (N ϭ 10; 5 female, 5 male), local skin temperature was raised to 39°C at a rate of 0.1°C/s. For subjects enrolled in protocol 3 (N ϭ 8; 4 female, 4 male; all different subjects from protocol 1), local skin temperature was raised to 42°C at a rate of 0.1°C/min. Once reached, these target temperatures were maintained for at least 30 -40 min, until SkBF had reached a stable plateau for at least 10 min. Lastly, maximal SkBF was attained by increasing the local skin temperature to 43.5°C at a rate of 0.1°C/s. For protocols 2 and 3, 56 mM sodium nitroprusside (SNP) (Nitropress, Ciba Pharmaceuticals, East Hanover, NJ) was simultaneously infused during maximal heating.
Pharmacological agents (protocols 2 and 3). Microdialysis sites were randomly assigned to receive one of the following: 1) lactated Ringer solution (Control), 2) 20 mM N G -nitro-L-arginine methyl ester (L-NAME) (Tocris Bioscience, Minneapolis, MN) to nonselectively inhibit NOS and to determine the contribution of NO to the local heating response, 3) 50 mM tetraethylammonium (TEA)(Sigma-Aldrich, St. Louis, MO) to inhibit KCa channels and determine the contribution of EDHFs, or 4) 20 mM L-NAME ϩ 50 mM TEA to explore the combined effects of NOS and KCa channel inhibition. All drugs were dissolved in lactated Ringer solution. The concentrations of L-NAME and TEA were selected as the minimum concentrations capable of fully inhibiting NOS and KCa channels, respectively, based on previous studies (12, 19, 30) . Furthermore, we have previously shown TEA at this concentration to be specific to KCa channels in the skin and to not affect other types of potassium channels (9) . Specific inhibitors of large and/or small conductance KCa channels, such charybdotoxin and apamin, were not used as these are considered toxic to humans (38) . All drugs were infused for at least 60 min prior to the start of local heating in order to ensure maximal efficacy (12) .
Data and statistical analysis. Data were digitized, recorded on a computer at 20 Hz, and analyzed offline using Windaq data acquisition software (Dataq Instruments, Akron, OH). SkBF was expressed as CVC (calculated as red blood cell flux divided by mean arterial pressure) and presented as a percentage of CVCmax, as determined by heating to 43.5°C plus SNP infusion. Baseline, plateau in CVC at the end of heating, and maximal CVC values were averaged over at least 5-min time periods for all three protocols. For protocol 2 (rapid heating), CVC values during the initial peak and nadir were averaged over 30-s time periods. For protocol 3 (gradual heating), CVC values at each 1.0°C increase in local heater temperature were averaged over 2-min time periods. Additionally for protocol 3, multiple peaks were observed throughout the heating period. A "peak" was defined as any immediate rise in SkBF greater than 10 laser-Doppler flux units (mV) (22, 34) . Sudden increases in flux due to subject movement were excluded (noted by investigator observation and simultaneous flux changes in all sites). The temperature threshold at which a peak was first observed at each site was determined as the local heater temperature at the onset of the increase in SkBF up to a peak.
All values are presented as means Ϯ standard error (SE). For protocol 1, plateau CVC was compared across local heating protocols using one-way repeated measures analysis of variance (ANOVA). For protocols 2 and 3, baseline, initial peak (protocol 2 only), nadir CVC (protocol 2 only), plateau, and maximal CVC, and temperature thresh- old (protocol 3 only) were compared across microdialysis drug sites using one-way repeated measures ANOVA. For protocol 3 , CVC values at each 0.1°C increment in temperature were compared using two-way repeated measures ANOVA, with factors of local temperature and drug site. For all statistical analyses, when significant main effects were detected, significant differences between drug sites were determined using Student Newman-Keul's post hoc test. The level of significance was set at ␣ ϭ 0.05.
RESULTS

Protocol 1.
The plateau in CVC at each of the nine different local heating protocols is displayed in Fig. 1 . Heating to 39°C at a rate of 0.1°C/s elicited a plateau of 57.7 Ϯ 6.4% CVCmax (N ϭ 6; P Ͻ 0.01 from the standard protocol, rapid heating to 42°C), which was the closest to our target of ϳ50% of CVCmax. There were no differences in baseline CVC or maximal CVC across local heating protocols.
Protocol 2 (rapid heating). Rapid local heating of the skin to 39°C at a rate of 0.1°C/s resulted in an initial peak in blood flow within 5 min into heating followed by a secondary plateau that was observed by ϳ30 -40 min into heating. Figure 2A shows a representative response from one subject at all four sites. Average initial peak CVC is displayed in Fig. 2B . Both TEA and L-NAME significantly attenuated initial peak CVC compared with the Control site, and the combination of TEAϩL-NAME further attenuated initial peak CVC (P ϭ 0.02 from the L-NAME site). The drugs affected nadir CVC in the same manner as initial peak (Table 1) . Average plateau CVC is displayed in Fig. 2C . TEA attenuated plateau CVC compared with the Control site (P ϭ 0.02). L-NAME greatly attenuated plateau CVC, such that NO accounted for 82.8 Ϯ 4.2% of the vasodilation from baseline. TEAϩL-NAME also significantly attenuated plateau CVC compared with the Control site, but no further attenuation was observed compared with the L-NAME site (P ϭ 0.44).
Protocol 3 (gradual heating). Figure 3A displays a representative tracing from one subject for all four microdialysis sites. Gradual local heating of the skin to 42°C at a rate of 0.1°C/min resulted in a gradual increase in CVC up to a plateau. Multiple peaks in CVC were observed throughout heating, particularly at the Control site. At the Control site, the first peak was observed at a local heater temperature of 36.5 Ϯ 0.3°C. The onset of peaks was significantly delayed compared with Control site to a higher local heater temperature at the TEA site (38.7 Ϯ 0.8, P ϭ 0.003), and to an even higher local heater temperature at the L-NAME (40.9 Ϯ 0.3, P ϭ 0.002 vs. TEA) and TEAϩL-NAME (41.1 Ϯ 0.5, P ϭ 0.003 vs. TEA) sites. The local heater temperature threshold was not different between the L-NAME and TEAϩL-NAME sites (P ϭ 0.83). As such, fewer peaks were seen in the TEA, L-NAME, and TEAϩL-NAME sites compared with the Control site. Average CVC at each 1°C increment in local heater temperature is displayed in Fig. 3B . TEA significantly attenuated CVC at 38 -40°C, but this effect was not observed at temperatures Ͼ40°C. CVC was significantly attenuated by L-NAME at temperatures Ͼ36°C, but the extent of attenuation was diminished at higher temperatures, such that NO accounted for 81.5 Ϯ 3.2% of the rise in CVC at 40°C, but only 32.7 Ϯ 7.8% of the rise in CVC after prolonged heating at 42°C. CVC was further attenuated by the combination of TEAϩL-NAME at temperatures Ͼ40°C, such that CVC at the TEAϩL-NAME site did not become significantly elevated from preheating baseline values until local temperature had reached 42°C. Interestingly, TEA not only attenuated the vasodilator response, but also delayed the temperature at which vasodilation above baseline values was observed (39°C vs. 38°C at the TEA and Ringer's sites, and 42°C vs. 41°C at the L-NAMEϩTEA and L-NAME sites).
Drug effects on baseline and maximal cutaneous vascular conductance. Average data for baseline and maximal CVC are displayed in Table 1 . There were no significant differences in maximal CVC across drug sites for either protocol. TEA, L-NAME, and TEAϩL-NAME all significantly attenuated baseline compared with the Control site, as previously reported (12) .
DISCUSSION
The primary goal of this study was to identify an improved protocol for local heating for use in the assessment of endothelial function that 1) would reach a plateau at a lower percentage of maximal CVC, allowing for the study of interventions that may potentially improve cutaneous microvascular function, and 2) is more dependent on NO, allowing for the assessment of NO-dependent dilation without the use of pharmacological techniques. Secondarily, we sought to determine the contribution of EDHF to slow local heating. The major , and 42°C). The heating protocol that has been used most commonly is indicated as the "standard protocol" (heating to 42°C at a rate of 0.1°C/s). Data are means Ϯ SE. *P Ͻ 0.05 from all three protocols reaching 42°C, including the standard protocol; †P Ͻ 0.05 from all three protocols reaching 36°C. There were no significant differences between protocols at the same target temperature.
findings of this study are that 1) rapid heating to 39°C at 0.1°C/s elicits an increase in CVC to ϳ50% of maximal CVC, which is predominantly NO-dependent (Ն80% contribution), and that 2) gradual heating to 42°C at a rate of 0.1°C/min elicits an increase in CVC to ϳ85% of maximal, which is dependent on both NO and EDHFs, but also has a large NOand EDHF-independent component (which is not present with rapid heating to 42°C). Protocol 1. We compared nine different protocols to identify one which consistently reached a lower percentage of maximal CVC. Heating to 39°C (at all three rates of heating) elicited plateau values in a range which would allow the assessment of both improvements and impairments in the response (57.7 Ϯ 6.4%, 61.3 Ϯ 6.3%, and 75.6 Ϯ 6.3% of CVCmax when heating at a rate of 0.1°C/s, 0.1°C/10 s, and 0.1°C/min, respectively). Of these three protocols, heating to 39°C at a rate of 0.1°C/s elicited the most consistent response in plateau across subjects, although it should be noted that there was still marked variability (discussed in more depth in "limitations").
Interestingly, heating to both 36°C and 42°C elicited consistent plateau values regardless of the rate of heating (range in average plateau values: 31.5-38.0%max and 90.0 -94.4%max, respectively), such that the extent of vasodilation to both mild and high levels of local heating appear to be dependent on target temperature, and not rate of heating. When heating to 39°C, there was a larger splay in the plateau values across rates of heating, although these were not statistically different. This effect is likely because basement and ceiling effects limited the variability in the 36°C and 42°C protocols, respectively, but this was not the case when heating to 39°C.
Endothelial-dependent dilation. Rapid heating to 39°C (protocol 2) produced a plateau which was much more dependent on NO than the standard protocol (80% NO contribution vs. ϳ50 -70% contribution). Combined blockade of NOS and KCa channels nearly abolished the plateau, similarly to the standard protocol (12) . Thus the same mechanisms are activated with rapid heating to both 39°C and 42°C, but the contribution of NO and KCa channels to the overall response varies.
In protocol 3, CVC gradually increased throughout the heating time period up to similar levels as in the standard rapid heating protocol (86% CVCmax vs. ϳ90 -95%). NOS inhibition abolished much of the response up to ϳ40°C, consistent with previous studies (22) . However, when heating from 40°C to 42°C, NOS inhibition was only able to block ϳ50% of the CVC response, consistent with the findings of Black et al. (5) and with rapid local heating to 42°C (10, 13, 34) . Furthermore, combined inhibition of NOS and KCa channels significantly attenuated CVC beyond that observed in the L-NAME site when heating above 40°C. No effect of TEA alone was observed on the CVC response to gradual heating between 40 -42°C; however, cross talk is known to exist between the NO and EDHF pathways, such that the roles of EDHFs are not always observed unless NOS is simultaneously blocked (4, 7, 9, 12, 30) . Taken together, these data indicate a shift in the mechanisms responsible for hyperemia around 40°C, specifically from a primary reliance on NO to a shared reliance on both NO and EDHFs. It is possible the extent to which NOS is capable of eliciting dilation reaches a maximum around ϳ50% of CVCmax, and thus other mechanisms are activated to produce further vasodilation. In fact, there are no other known vasodilator responses in the skin that elicit NOS-dependent dilation to as great an extent as thermal hyperemia (25, 27, 38) . It is logical that EDHFs are responsible for dilation beyond what can be produced via NOS for a few reasons. Firstly, EDHFs have often been described as a "back-up" system to the NO pathway, sharing many common signaling pathways (8, 12, 46) . Secondly, EDHFs, including EETs, stimulate KCa channels by first acting on TRPV-4 channels (17). TRPV-4 channels are heat-sensitive at physiological temperatures, displaying increasing current as temperature increases (42) , and thus dilation via KCa channels may occur due to direct activation of these channels by the heat and to a greater extent at higher temperatures. Lastly, the primary type of EDHF involved in thermal hyperemia is EETs (12) , which are converted from arachadonic acid by cytochrome P450. Perhaps this conversion occurs more readily at higher temperatures.
In contrast to rapid local heating, during gradual heating to 42°C, a significant portion of the plateau remains unexplained by combined NOS and KCa channel inhibition. As the contributions of NO and EDHFs are different at different temperatures during gradual heating, it is plausible that other vasodilatory pathways may only be stimulated above 40°C, and that these pathways may be different from those activated during rapid heating. For example, the COX pathway has been shown to have no role in rapid local heating (32) but may contribute to the vasodilation during gradual heating. As we did not test the role of the COX pathway in the present study, it cannot be ruled out. Additionally, pathways which are known to contribute to thermal hyperemia via NOS-dependent mechanisms, e.g., TRPV-1 receptors (43), adenosine receptors (18), and/or substance P (44), may be capable of having NOS-independent effects when the heating stimulus is gradual. Lastly, combined inhibition of NOS and KCa channels may result in upregulation of vasodilatory pathways that would otherwise have been quiescent. It is interesting that this is not observed during rapid heating, but perhaps the prolonged nature of the gradual heating protocol necessitates other vasodilatory mechanisms. For example, the production of vasodilators is thought to diminish following extended periods of local heating at constant high temperatures, known as the die-away phenomenon (3). Perhaps with gradual heating, as the primary vasodilators diminish, others are produced instead.
Axon reflex(es). In the present study, rapid heating to 39°C produced an initial peak which reached a lower CVC value than in the standard protocol (44%CVCmax vs. ϳ60 -75%) (12, 18, 34, 43) , but which was dependent on NO and EDHFs to similar extents. These findings suggest that vasodilation via NO and EDHFs in response to local warming (whether directly or via neurotransmitter release) may be activated by more mild temperatures above normal resting skin temperature, but that the final target temperature determines the magnitude of the vasodilator response.
In protocol 3, NOS inhibition significantly delayed the temperature threshold for the onset of axon reflexes, consistent with what was reported by Houghton et al. (22) . The temperature threshold was also delayed by TEA, and further delayed by combined NOS and KCa channel inhibition, such that some subjects did not exhibit peaks in the combined L-NAMEϩTEA site until after the local temperature had reached 42°C. Houghton et al. (22) speculated the delay in peaks caused by L-NAME could be caused by desensitization of the sensory nerves, which are thought to release CGRP and/or substance P (23, 41) . NO may play a role in triggering release of CGRP and/or substance P, thus reduced NO production would result in reduced neurotransmitter release (28) . TEA may have a similar desensitizing effect on the sensory nerves, as 50 mM TEA has also been shown to inhibit some types of voltage-gated potassium channels in neurons (31) . Although this has never been shown to occur in human skin, it would be consistent with reduced neurotransmitter release and thus a reduced initial peak.
Limitations and considerations. There was a substantial amount of variability in the plateau CVC values during rapid heating to 39°C (protocols 1 and 2) compared with what is typically observed when rapidly heating to 42°C. Although the majority of plateau values (10 out of 16 subjects) across the two protocols fell in the range of 40 -60% CVCmax, the responses ranged from 20 -77% CVCmax. We assume this is due to the nature of the heating stimulus. Rapid heating elicits a near maximal vasodilation, thus there will be a "crowding" of values at the high end of the spectrum. More moderate heating should be expected to produce a greater range of responses. Regardless, the response was nearly abolished by L-NAME in all subjects. Thus despite a range in the extent of dilation, rapid heating to 39°C consistently provided a test of NO-dependent dilation.
There was also a fair amount of variability in the effects of TEA on plateau CVC during protocol 3. For example, some subjects exhibited an augmented plateau in protocol 3 at the TEA site compared with the Control site. This finding may reflect variability in the response itself or inconsistent pharmacological effects of the drug across subjects. In other vascular beds, 50 mM TEA has been shown to act on other types of potassium channels (16, 37) . Although this does not appear to occur in the skin (9), we cannot rule out the possibility of TEA acting differently across subjects. However, variability in the effects of TEA does not alter our conclusions, particularly on the utility of heating to lower temperatures for assessing NO-dependent dilation.
Hodges and Sparks (20) recently showed that eNOS inhibition with NG-amino-L-Arginine (L-NAA) attenuated plateau during rapid local heating to 42°C to a greater extent when administered after a plateau had already been established (35 Ϯ 4%CVCmax) vs. prior to the start of local heating (53 Ϯ 4%CVCmax). Minson et al. (34) showed similar results using L-NAME (26 Ϯ 3%CVCmax when infused after establishing plateau vs. 40 Ϯ 5%CVCmax prior to heating), although these experiments were performed on different subjects and were not compared statistically by the authors. Taken together, these studies suggest the timing of when drugs are infused may alter the mechanisms at play, or at least the contribution of the mechanisms involved. In the present study, we infused all drugs at least 60 min prior to the start of heating, so it is possible we may have found different results had we waited to administer drugs until after a plateau had been established. However, if the pattern observed by Hodges and Sparks and Minson et al. were also true during the heating protocols utilized in our study, infusing L-NAME after establishing plateau would have attenuated CVC to an even greater extent, suggesting an even larger contribution of NO to the response. Thus our conclusion that rapid heating to 39°C is Ͼ80% NO-dependent would still be true.
Conclusions and perspectives: cutaneous thermal hyperemia for assessing NO-dependent dilation and microvascular health. Increasingly, more studies are showing that endothelial dysfunction in the microvasculature may precede dysfunction in the conduit arteries (1, 24) . Furthermore, endothelial dysfunction occurs predominantly due to reduced NO bioavailability in many disease states; thus developing a test of microvascular function that is primarily NO-dependent has significant clinical utility. In the present study, we have discovered that reducing the target temperature during rapid local heating from 42°C to 39°C produces a hyperemic response which is consistently Ͼ80% dependent on NO. This is the most robust test of NO-dependent dilation that can be performed in humans, as there is a multifold increase in conductance and vessel radius from baseline that is almost entirely mediated by NO. Due to the noninvasiveness and ease of performing the test, rapid local heating to 39°C offers a powerful clinical tool for assessing NO-dependent dilation and microvascular function. Furthermore, rapid local heating to 39°C elicits a plateau which reaches ϳ50% of CVCmax, which allows ample room to assess pharmacological and behavioral therapies that may be capable of improving microvascular function. Previous studies which have been unable to show full benefits of such interventions may have been limited by a ceiling effect with the standard protocol (10) . As such, heating to a lower target temperature may be preferable to the standard heating protocol when assessing NO production and/or interventions that could potentially improve microvascular function.
